D
espite progress in our understanding of the complex neuronal, hormonal, metabolic, and inflammatory mechanisms in obesity, bariatric-metabolic surgery remains the only current treatment of obesity that is effective in the long-term. 1 Lifestyle modification and pharmacologic approaches for the treatment of obesity have failed to address the increasing burden of disease because they are often associated with only modest weight loss that is rarely maintained over time. 2, 3 Gastric restriction is an important component of all bariatric-metabolic surgical procedures. This is accomplished by creation of a small gastric pouch in Roux-en-Y gastric bypass (RYGB), placement of an adjustable gastric band, or removal of 80% of the stomach in sleeve gastrectomy surgery. 4 The importance of the reduction in the gastric reservoir is illustrated by physiological and comparative effectiveness studies showing comparable 5-year weight loss outcomes, similar decrease in dietary intake, and similar changes in gut hormones after RYGB (which has both restrictive and malabsorptive anatomic components) and sleeve gastrectomy (which has only a restrictive component). [5] [6] [7] Despite the positive impact of bariatric-metabolic surgery, only 1% of qualified patients receive surgery because of limited access, patient preference, risks, and cost of surgery. 8 Because of this low utilization rate of surgery and limited efficacy of lifestyle and pharmacologic interventions, a significant gap exists in our current approach to obesity, which contributes to unprecedented rates of the disease and escalation of comorbid conditions resulting in an enormous economic burden on our health care system. 9, 10 Endoscopic bariatric therapies can potentially offer effective weight loss intervention at lower cost and higher patient acceptability, potentially bridging the current obesity management gap. We have previously reported the feasibility of a novel endoscopic approach to obesity that reduces the size of the gastric reservoir by creation of an endoscopic sleeve gastroplasty (ESG) by using a full-thickness endoscopic suturing device. 11 Here we report prospective mid-term outcomes, adverse effects, and physiological alterations after ESG. In addition, to assess the reproducibility of our results, we compared our outcomes with those of Spanish investigators who have been performing ESG since our initial feasibility report.
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Methods
Participants
Twenty-five consecutive adult patients with body mass index (BMI) between 30 and 40 kg/m 2 , stable weight for 3 months before the procedure, and no contraindication to ESG (anticoagulation, previous gastric surgery, gastric ulceration, hiatal hernia !5 cm, or pregnancy) were included in this prospective study. All patients underwent ESG between September 2012 and March 2015 and completed a median of 9 months (range, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] follow-up after the procedure. The first 10 procedures were performed under institutional review board protocol (12-003195) registered with ClinicalTrials.gov (NCT 01682733) by using a commercially available endoscopic suturing device (Overstitch; Apollo Endosurgery, Austin, TX). Once we had demonstrated the feasibility and safety of the procedures in this pilot study, we opened the protocol to acquire clinical experience and appraise outcomes in open label fashion with the same prospective follow-up in 15 more patients. Finally, we assessed the reproducibility and generalizability of the procedures by comparing our outcomes with those from a 30-patient series from Spain. 12 All authors had access to the study data and had reviewed and approved the final manuscript.
Endoscopic Sleeve Gastroplasty
ESG was performed on an outpatient basis. A standard upper endoscope (GIF-H180; Olympus America, Center Valley, PA) was used to examine the esophagus and stomach for any anatomic contraindications. After placement of an esophageal length overtube (US Endoscopy, Mentor, OH), we mapped 3 parallel (anterior, greater curvature, and posterior) suture placement sites by using argon plasma coagulation starting at the incisura and extending proximally to the gastroesophageal junction. Five of the first 10 patients were randomly selected to have 10 U botulinum toxin A (BTA) (Botox; Allergan, Irvine, CA) injected at suture sites in the body of the stomach before suture placement to evaluate whether BTA enhances ESG durability, which was assessed by endoscopy at 3 months. BTA injections were then abandoned after this pilot trial showed lack of impact on ESG durability. Thus, only 5 of 25 patients received BTA injections in addition to ESG.
ESG was created by using an interrupted triangular suture pattern that invaginates the greater curvature of the stomach for creation of a narrow sleeve that reduces the functional capacity of the stomach by 80% (Figure 1) . A second layer of sutures was placed over the length of the central sleeve in an interrupted pattern to further reduce the gastric volume and reinforce the sleeve. Each suture was intended to be full thickness enabled by a tissue screw that captures the muscularis propria, thereby avoiding gastric wall layer delamination (Helix; Apollo Endosurgery). The suturing sequence is described in detail in our previous feasibility report.
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All procedures were performed with patients under general anesthesia in an outpatient endoscopy unit by using carbon dioxide (CO 2 ) insufflation. Procedures were performed by 3 endoscopists (B.A., C.G., M.T.). All subjects were placed on a postprocedural diet consisting of liquid protein shakes for 4 weeks, followed by 2 weeks of a pureed diet before transitioning to a regular diet. The postprocedural diet was designed to provide 70 g protein and 1000-1200 calories per day. In 9 sequential participants repeat upper endoscopy was performed at 3 months to evaluate ESG durability and safety. Weight outcomes and side effects of ESG were prospectively recorded every 3 months. Percentage excess body weight loss (%EWL) was calculated by using BMI 25 kg/m 2 as ideal body weight. All subjects were counselled to follow a standardized healthy lifestyle modification program, 13 although this was not monitored or enforced during the duration of the study.
Physiological Testing
Four sequential patients participated in a pilot substudy (Institutional Review Board 12-003383) to assess the metabolic and physiological alterations that occur in response to ESG. On separate days (once within 2 weeks before ESG and once 3 months after ESG), participants attended the Mayo Rochester Clinical Research Unit after fasting overnight (!8 hours) on separate days for measurement of gastric emptying of solids and liquids, satiation by nutrient drink test, and fasting and postprandial insulin, glucose, active ghrelin, leptin, glucagon-like peptide 1 (GLP-1), and peptide YY (PYY) levels. These tests are described in detail in our previous publications and in the Supplementary Methods.
14-16
Comparative Analysis
To assess the reproducibility of ESG results, we used a fixed effect meta-analysis to assess the degree of heterogeneity between our findings (25 patients) and published results from Spain (30 patients).
12 Statistical heterogeneity was evaluated by means of I 2 statistics and Q values. An I 2 value greater than 50% was considered to indicate high statistical heterogeneity. The comprehensive meta-analysis software (Comprehensive Meta Analysis, Version 2.2; Biostat Inc, Englewood, NJ) was used for this analysis.
Statistical Analysis
The paired t test was used to assess statistically significant differences among continuous variables. Area under the curve was calculated for pre and post glucose, insulin, ghrelin, leptin, GLP-1, and PYY levels. Analyses were performed by using SAS version 9.3 software (SAS Institute, Cary, NC) and MedCalc v15.6.1. Data in the article are presented as mean AE standard deviation or median (range).
Results
Patient Demographics and Procedural Details
There were 25 participants including 21 women, mean age was 47.6 AE 10 years with 88% white ethnicity, mean baseline BMI was 35.5 AE 2.6 kg/m 2 , and 5% of the cohort had type II diabetes managed with oral hypoglycemic agents. The average number of sutures used to create the sleeve was 16 AE 5. Procedural times significantly decreased from 217 AE 17 to 98 AE 4 minutes, when comparing the first 5 cases with the last 5 cases, respectively (P .01).
Weight Loss Outcomes
Median follow-up was 9 months (range, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , and weight outcomes on 8 of 10 patients who reached 20 months of follow-up were available. Figure 2 shows changes in BMI and %EWL after ESG and number of eligible patients available at each time point. The %EWL was 53% AE 17%, 56% AE 23%, 54% AE 40%, and 45% AE 41% at 6, 9, 12, and 20 months after ESG, respectively (P < .01) (Figure 2 ). Five of 8 available participants (62.5%) with 20 months of follow-up had an excellent durable response to ESG with %EWL of 72% AE 21.8% (median, 78.7%), and 3 of 8 (37.5%) regained all the weight lost at 20 months.
Endoscopic Sleeve Gastroplasty Durability
Repeat upper endoscopy was performed at 3 months in 9 sequential patients to evaluate integrity of the ESG. Six of 9 (67%) had a durable, intact ESG with formation of fibrotic bridges (Figure 3) . Three of 9 (33%) had a partially intact ESG with opening of the proximal body and fundus. Two of the 3 non-responders to ESG at 20 months had only partially intact ESG at the 3-month 
Adverse Events
Seventeen patients (68%) remained outpatients after ESG and received a short course of oral narcotics and antiemetic medications to treat acute post-ESG pain and nausea. Eight participants required hospitalization for pain and/or nausea for a median of 1.5 days (range, 1-4). Three serious immediate adverse events occurred; one participant developed a perigastric inflammatory serous fluid collection (adjacent to the fundus) that resolved with percutaneous drainage and antibiotics, another developed a pulmonary embolism 72 hours after the procedure, and a third developed pneumoperitoneum and pneumothorax requiring chest tube placement. All 3 patients required hospitalization but had full recovery with no need for surgical interventions. No longer-term adverse events were reported.
Reproducibility of Body Weight Loss After Endoscopic Sleeve Gastroplasty (Meta-analysis)
Overall, the mean %EWL at 6 and 12 months among 55 patients receiving ESG (25 in Rochester, Minnesota and 30 in Madrid, Spain) was 53 (95% confidence interval, 47.7-58.6) and 56.4 (95% confidence interval, 45-67.8), respectively. The degree of heterogeneity in weight loss outcomes calculated by a fixed effect metaanalysis was minimal (I 2 ¼ 0), indicating reproducible ESG outcomes in independent centers (Figure 4) .
Physiological Alterations as a Result of Endoscopic Sleeve Gastroplasty
Gastric emptying. ESG significantly alters gastric emptying and satiation. Figure 5A demonstrates a significant delay in gastric emptying of solids 3 months after ESG compared with before ESG, with an increase in time for 50% emptying of solid (T50) by 90 minutes (P ¼ .03). Four hours after solid meal ingestion, 32.25% of the meal is retained in a small gastric fundus cap after ESG compared with 5.25% before (Figure 5B-D) . There is no significant change in gastric emptying of liquids after ESG (P ¼ .5).
Satiation by nutrient drink test and appetite regulatory hormones. ESG significantly increased satiation with 59% (P ¼ .003) decrease in caloric intake to reach maximum fullness on a meal tolerance test, leading to earlier termination of a meal at 11.5 AE 2.3 minutes after ESG compared with 35.2 AE 9.9 minutes before ESG (P ¼ .01). Despite significant weight loss, active fasting and postprandial ghrelin levels decreased by 29.4% (P ¼ .1) 3 months after ESG. There were no statistically significant changes in leptin, GLP-1, and PYY levels.
Insulin sensitivity. ESG significantly improved insulin sensitivity. Fasting homeostatic model assessment for insulin resistance score improved (P ¼ .06), and area under the curve for postprandial glucose and insulin decreased by 36% (P ¼ .005) and 34% (P ¼ .17), respectively ( Figure 6 ).
Discussion
In this study we demonstrated the efficacy of ESG as a minimally invasive endoscopic intervention for obesity. ESG produced similar %EWL at 1 year to laparoscopic adjustable gastric band surgery but less than laparoscopic sleeve gastrectomy and RYGB, which produce between 60% and 90% EWL at 1 year. 17 In addition to weight loss, ESG is associated with impairment of gastric emptying, increased satiation, and metabolic effects that are potentially important to control the metabolic dysregulation associated with obesity.
For an endoscopic bariatric therapy to have a meaningful impact on obesity, it should reach a certain threshold of efficacy that is balanced with the risks and cost of the intervention. ESG was well-tolerated as an outpatient intervention, requiring less than 2 hours of endoscopy time after a short initial learning curve, and was performed by using standard "off the shelf" endoscopic tools as opposed to specific weight loss devices or platforms. Recovery period after ESG was short, with the majority of patients returning to a fully functional status within 1-3 days after the intervention. Coupled with the significant weight loss observed, reproducibility of the results among independent centers, and the anatomic durability of the intervention, this suggests that ESG is a cost-effective intervention for obesity. Although not tested in this study, ESG is potentially a reversible and repeatable procedure.
We did observe 3 serious adverse events in the study, and in response we have changed our clinical protocols. To decrease the risk of pulmonary embolism, intermittent pneumatic compression devices are now placed on patients' lower extremities during the procedure, and a dose of prophylactic subcutaneous heparin is given during the endoscopic procedure. Because of the full-thickness nature of the endoscopic suturing device, a small pneumoperitoneum is expected as a result of CO 2 leaking during suture placement. This is usually clinically inconsequential; however, to decrease the risk of potential complication such as pneumoperitonuem, CO 2 insufflation is minimized during suture placement, and the abdomen is closely monitored for distention during the procedure. Finally, the posterior aspect of the gastric fundus is the most vulnerable location for a postprocedure leak because of its thin wall and tension exerted by sutures in this location that approximate the fundus anteriorly to the gastroesophageal junction. On the basis of our gastric emptying studies demonstrating a potentially beneficial role of the fundus cap in enhancing the satiety effect of the procedure by acting as a food reservoir for many hours after meal ingestions, we no longer attempt to reduce the gastric fundus. Since adopting these changes, no serious adverse events have occurred.
Studies have demonstrated a multitude of compensatory physiological adaptations in the homeostatic mechanisms involved in body weight regulation in response to restrictive diets alone, resulting in weight cycling "yo-yo dieting" that paradoxically promotes a net weight gain. 18 In humans, weight loss that is based on caloric restriction through dieting resulted in significant increase in appetite with increase in orexigenic gut hormones such as ghrelin and decrease in anorexigenic gut hormones such PYY. [19] [20] [21] [22] This suggests that the high rate of relapse among obese patients after restrictive diets has strong physiological basis. In contrast, despite significant weight loss after ESG, satiation is increased with a decrease in ghrelin and delay in gastric emptying, especially at 4 hours. This is a finding of significant physiological importance in light of the association between obesity and accelerated gastric emptying and the fact that delayed gastric emptying of solids at 4 hours is a determinant of fullness and satiation in humans. 16, 23 This suggests that the physiological perturbations produced by ESG are sufficient to overcome the compensatory responses that lead to weight regain after restrictive diets. We believe that these effects on gastric reservoir volume and gastric emptying both contribute to the increased satiation and result in a more significant and durable weight loss.
Limitations to our study include its small sample size, lack of a control group, limited long-term follow-up, and evaluation of ESG anatomic durability and physiology in only a subset of patients, potentially leading to a type II error. These limitations reflect the novelty of this technique. The current study addresses proof of concept and the mechanisms associated with the weight loss after ESG. Randomized controlled studies with longer followup are needed.
In conclusion, ESG is a minimally invasive and costeffective weight loss intervention. ESG slows gastric emptying, increases satiation, and improves the metabolic profile of obese persons. ESG may have a role in the treatment of obese persons who do not undergo bariatric surgery, including those with moderate obesity, and those who require a bridge to surgery, including superobese individuals. ESG offers a paradigm shift in our management of obesity that targets current gaps in therapy and may allow us to gain ground in our losing battle against obesity.
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